Nucleation and Interfacial Coupling between Pure and Dirty Superfluid Phases of 3 He 
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The nucleation of the first order phase transition of superfluid 3 He-B from superfluid 3 He- A is quite 
remarkable since it requires a seed of the order of a micron. We have studied this nucleation for 3 He 
confined to a very dilute silica aerogel. This dirty superfluid behaves in a manner similar to previous 
reports for the pure superfluid. But we have discovered a novel magnetically driven nucleation switch 
acting on the pure superfluid B-phase. Lastly, we find the surprising result that the proximity effect 
between the pure and dirty superfluids at their interface is insufficient to nucleate the B-phase in 
either superfluid. 



PACS numbers:67.57.Pq,64.60.Qb,67.57.Np 

The A-phase of superfluid 3 He can be extensively su- 
percooled, far into the region at low temperatures where 
the B-phase is thermodynamically stable [QJ^]. Leggett 
HQ pointed out that the very small difference in free 
energy between these phases makes homogeneous nucle- 
ation of this first order phase transition so improbable 
as to be unrealizable within the age of the universe. If a 
seed of the B-phase is to grow it must surpass a critical 
size of a few microns, so large as to be inaccessible by 
thermal fluctuations. Thus the experimental fact that 
the B-phase nucleates at all from the A-phase indicates 
the existence of some heterogeneous mechanism. Quite a 
number of experiments have shown that ionizing radia- 
tion |l],H , vibrations |||| , or rough surfaces ||,|7j can be, 
under various restrictive circumstances, active sites for 
this nucleation; but how the process proceeds remains a 
major puzzle and is actively debated ]^]. 

The discovery of a class of 3 He superfluids ||[l0) con- 
strained by silica aerogel raises new questions concerning 
B-phase nucleation. Does the metastability of the A- 
phase for these superfluids follow the same pattern as 
for the pure case? Is there sufficient coupling between 
the two superfluids across their interface for nucleating 
the B-phase? With an appropriate choice of experimental 
conditions, temperature, pressure, and magnetic field, we 
can arrange that the interface separates two superfluids 
with the same, or different, order parameter symmetry. 
And if they are the same, we might expect the proxim- 
ity effect, well known in superconductivity, to provide a 
nucleation source. By this we mean that the B-phase 
from one side of the interface should readily nucleate the 
B-phase in the other. We report here that indeed the su- 
perfluid constrained in aerogel exhibits supercooling and 
metastability similar to that of pure superfluid 3 He in the 
absence of aerogel; however, contrary to our expectation, 
there is no evidence of nucleation from the proximity ef- 
fect. In addition, we have discovered a nucleation source 
for the pure B-superfluid that is extremely efficient and 
can be switched off by applying a magnetic field. 

The new 'dirty' superfluids are characterized by quasi- 



particle scattering from a silica aerogel-matrix that re- 
duces their transition temperature and suppresses the 
amplitude of the order parameter JT^JTlfl . The aerogel 
structure can be varied through choice of porosity, which 
in this work is 98%. It is formed by silica strands about 
30 A in diameter with an average inter-strand spacing 
of 300 A. The pure superfluid coherence length, £, varies 
from 880 A at low pressure (zero bar) to 180 A at melt- 
ing pressure (34 bar) and is much larger than the aerogel 
microstructure, yet much less than the scattering mean 
free path ~ 2500 A This satisfies conditions for the 
existence of a superfluid, albeit one with a reduced order 
parameter. The phase diagrams of the pure |i~3| and dirty 
systems have some similarity as shown in Fig.l and 
2. The magnetic field independent line marks the normal 
to superfluid A-phase boundary and the transition tem- 
perature from A to B-phases is quadratically suppressed 
by field. The first observation of an AB-transition in the 
dirty superfluid was reported by Barker et al. ]l5| . We 
assume that the order parameter symmetry of the dirty 
phases corresponds to that of the pure 3 He superfluids, 
i.e. the dirty A-phase is an equal-spin, p-wave pairing 
state called the axial state, exhibiting broken rotation 
symmetry separately in spin and orbital spaces, and that 
the B-phase is the isotropic p-wave pairing state that 
breaks relative spin-orbit symmetry. 

First-order phase transitions, such as the the liquid- 
solid transition, characteristically exhibit supercooling. 
Nucleation of the stable phase can be understood in 
terms of a trade-off in surface and bulk Gibbs free energy. 
The nucleation theory developed by Gibbs and discussed 
by Landau and Lifshitz, and later extended by Cahn and 
Hilliard considers a small embryo of the stable phase in 
the metastable medium. If the embryo is sufficiently large 
and exceeds a critical radius R c , it will expand over the 
whole volume. This critical radius, R c = IuabI 1 AG ab is 
given by twice the ratio of the surface tension, a ab , be- 
tween the two phases, A and B, and the bulk Gibbs free 
energy difference, AGab- There are several examples 
of quantum fluids and solids at low temperatures, where 
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AG is very small, forcing the critical radius to be rather 
large, leading to extensive supercooling. This is true for 
the liquid-solid transition of 4 He jl6| or the transition 
between superfhiid 3 He A and B-phases B. 
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FIG. 1. The phase diagrams of the superfluid phases of He 
at a pressure of 25 bar in a magnetic field. The phase dia- 
grams for pure and dirty @ 3 He are given by dashed 
and solid lines with the dirty superfluid region shaded. The 
darker shading identifies the dirty A-phase; the lighter shad- 
ing is the dirty B-phase. Two constant field experiments are 
shown as dotted vertical lines with arrows and, at the right 
of the figure on the same temperature scale, we show the cor- 
responding phases observed (N is the normal Fermi liquid, 
A and B are the superfluid phases, and A' is the metastable 
A-phase). Primary nucleation of the pure (star) and the dirty 
(filled circle) AB-transitions appear at, or below, their respec- 
tive equilibrium curves. The shaded rectangular areas at the 
right emphasize the coexistence of A' and B across the inter- 
face. 

Our acoustic technique Jl4[ measures the transverse 
acoustic impedance at 8.691 MHz of a gold-plated quartz 
transducer. Two transducers separated by a distance of 
270 fxva jlTj define a 9.5mm diameter disk of silica aero- 
gel grown in situ. The interface region between pure 
and dirty 3 He is a circular band of 270 /jm width at 
the perimeter of the transducers. We observed abrupt 
changes in impedance at all of the known phase transi- 
tions in each of pure and dirty superfluids |l4| ] . The tech- 
nique is very precise and is sensitive over almost all of the 
phase diagram. We have used it to map the phase dia- 
gram of the superfluid phases inside the aerogel sample 
jl4| , together with monitoring the pure superfluid transi- 
tions. Our thermometers include the magnetization of a 
diluted cerious magnesium nitrate salt measured with a 
SQUID, complemented by a melting curve thermometer. 
Overall our precision in the measurement of temperature 
is ~ 2/iK with an accuracy on cooling of ~ 20 /iK. 
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FIG. 2. The phase diagrams of the superfluidphases of 3 He 
at a pressure of 33.4 bar in a magnetic field [h3lJl4] . The nota- 
tion is defined in Figjl]. The curved dotted-path labeled 2 is an 
experiment to study secondary nucleation in pure 3 He. The 
temperature was raised above T^^ e , yet kept below T^" re . 
The stars labeled 1 and 2 denote the temperatures for pri- 
mary and secondary nucleation of the pure B-phase. 

We have performed both primary and secondary nucle- 
ation experiments. Primary nucleation of the B-phase, 
from the supercooled A-phase, occurs on cooling pro- 
vided that there has been no prior history of B-phase. 
Secondary nucleation occurs on supercooling of the A- 
phase after a primary nucleation, but without having 
warmed to the normal state. Representative nucleation 
experiments are outlined in Fig.l at 25 bar and Fig. 2 at 
33.4 bar, as vertical dotted lines superposed on the phase 
diagrams for pure 3 He (dashed lines) and dirty 3 He 
(solid lines) [Q. The shading corresponds to the re- 
gion of the dirty superfluid, where the darker area is 
the A-phase in equilibrium. Supercooling of the A to 
B-transition is observed for both pure (star) and dirty 
superfluids (solid circle) with all data for primary nucle- 
ation collected in Fig. 3. The path for a secondary nu- 
cleation experiment in the pure superfluid is sketched in 
Fig.|| with the results in Fig. 4. 

We have found that primary nucleation in the pure 
and dirty superfluid (Fig. 3) are similar with one excep- 
tion which we discuss later: for pure 3 He at 25 bar in 
fields less than 2 kG nucleation can be efficiently induced 
by a novel nucleation source. Otherwise, supercooling 
for both pure and dirty superfluids is similar in magni- 
tude, field independent below 2 kG, somewhat stronger 
at higher pressures (open circles), but more stochastic 
for pure 3 He. Earlier reports of supercooling in pure 3 He 
have shown sensitivity to outside influences such as radi- 
ation |Q , but the most efficient nucleation, seems to take 
place at rough surfaces such as in the silver sintered pow- 
der of the heat exchanger required to cool samples to low 
temperatures Pf^]. With the exception noted above, we 
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find supercooling for pure 3 He to be consistent in magni- 
tude with that previously discussed for rough walls. The 
similarities between the pure and dirty superfluids are 
quite surprising since they are in very different environ- 
ments and presumably have access to different nucleation 
sites. Furthermore, as we discuss later, the critical radius 
for nucleation is significantly different for the two super- 
fluids. 
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FIG. 3. Supercooling for primary 

nucleation. AT sup = Tab ~ T where T is the temperature 
at which nucleation occurs. Fhe dirty AB-transition (upper) 
and pure AB-transition (lower) are shown at 33.4 bar (empty 
circles) and 25 bar (filled circles). 

The one exception to this picture is the 25 bar data 
where we found extremely efficient nucleation of the pure 
AB-transition for magnetic fields less than 2 kG. This nu- 
cleation source switches off when a field larger than 2 kG 
is applied and exhibits hysteresis; on reducing the field to 
~1 kG from ~2.5 kG the nucleation source remains inac- 
tive. The data at 33.4 bar, Fig.[| lower panel, were taken 
with the switch deactivated in this way. They show su- 
percooling to be large, ~ 350^K. The strong nucleation 
source is restored (switched on) following a warmup of 
the experimental cell to room temperature. These ob- 
servations, together with the hysteretic behavior in field, 
suggest that the nucleation source has a magnetic origin 
which we have not yet identified. 



160 
140 

120 - 

ST 

i 100 : 
| §■ 80 

Q_ CO 

<i 60 
40 
20 




_ dirty 



100 



200 



300 



400 



500 



Warming above T^ re ( jxK) 



FIG. 4. Supercooling memory effect for secondary nucle- 
ation of the pure AB-transition at 33.4 bar and zero applied 
field. Supercooling of the AB-transition depends on how much 
the sample was warmed above the equilibrium T%^ e . The ver- 
tical dashed line indicates T^g ty . To the left of this line, the 
3 He in the aerogel was in the B-phase when the pure B-phase 
was nucleated as for the experiment sketched in Fig. 2; on the 
right it was in A'. 



The effectiveness of heterogeneous nucleation depends 
on the critical radius at the temperature where nucleation 
takes place. To estimate this for the dirty superfluid we 
note that Osheroff and Cross |T^] have established a rea- 
sonable theoretical understanding of the surface tension 
between A and B-phases, summarized by Leggett and 
Yip j| , (Tab ~ F s £. The coherence length £ varies as 
1/T C and the condensation energy F s can be calculated 
from the suppression of the order parameter in the dirty 
superfluid p9| . We find a A l g V ~ 0.25a A u ^ e near melting 
pressure. The free energy difference between the phases, 
Gab, can be determined from their susceptibility differ- 
ence and the field dependence of the AB-transition JL8] . 
The susceptibility difference in the dirty superfluid has 
been measured [ pd]JT^ ] at 18 and 32 bar, and is approx- 
imately a factor of two weaker than for the pure super- 
fluid. We have measured the field dependence of the dirty 
AB-transition at 25 and 33.4 bar, Fig.l and 2. Conse- 
quently, the estimated critical radius for nucleation of 
the dirty B-phase is larger than that for the pure super- 
fluid, Rf rt y(t) ~ 5RP ure (t), at the same reduced tem- 
perature t = T/Tab and near melting pressure where 
RP ure ~ 1 micron. With a critical radius for the dirty 
superfluid somewhat larger than for pure 3 He we might 
expect larger supercooling, and the data have this trend. 
At 25 bar, for magnetic fields between 0.5 and 2 kG, 
supercooling in pure 3 He is quenched implying that a 
different mechanism is active, one that generates a huge 
nucleation seed. Since supercooling was at most ~ 10 
fiK, this seed must have been larger than ~ 70 microns 

M. 
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The primary nucleation experiments we have discussed 
allow us to study the juxtaposition of a pure B-phase 
and a metastable dirty A-phase. We can also reverse 
the roles of pure and dirty superfluids but this requires 

T ddrty > T pure whk;h j g posgihle &t 33 4 har and bw 

field (path 2 in Fig. 2). In this case the nucleation will 
be secondary. Secondary nucleation in pure 3 He was first 
observed by Osheroff et al. ]2(| . Remnants of the B-phase 
persist above the AB-transition temperature giving rise 
to a memory effect for nucleation on subsequent cool- 
ing. We also observe a memory effect in the pure system 
but in contrast there is none in the dirty superfluid. It 
is quite striking that the memory effect evident in the 
pure superfluid data of Fig. 4 is unperturbed on cross- 
ing the AB-phase boundary of the dirty superfluid. This 
shows that the presence or absence of a B-supcrfluid in 
the aerogel has no effect on nucleation of the B-phase in 
pure 3 He. 

Consider the interface between the two superfluids. 
The rectangular shaded regions at the right of Fig.l and 
2 correspond to a metastable A-phase, which for conve- 
nience we call an A' phase, in contact across the inter- 
face with a B-phase. Either pure or dirty superfluids can 
be in this configuration. These experiments show that 
the B-phase from one superfluid does not act as a nu- 
cleation source for the B-phase in the other. The Gibbs 
free energy difference between phases on either side of 
the interface (separating the pure and dirty superfluids) 
is relatively large and can be estimated from the suppres- 
sion of the gap in the dirty superfluid [jl9| . If we assume 
that the surface tension at the interface is of similar mag- 
nitude as that of the AB-phase boundary in the pure 
and dirty superfluids, then we calculate that the effec- 
tive critical radius for penetration of one phase through 
the interface is, R T c (t) ~ RP c ure {t) /80 -125 A. This is so 
small that we expect that the B-phase on one side should 
be an effective nucleation source for the B-phase on the 
other. From the experiments we report here there is no 
evidence for such nucleation. Is it possible that the dirty 
superfluid is sufficiently inhomogcneous that a suitably 
large homogeneous seed cannot be generated? Imry and 
Magi) found that an order parameter is unstable to any 
amount of disorder from a random field. So we speculate 
that the absence of nucleation by the proximity effect 
may be related to decoherence of the order parameter in 
the dirty superfluid on the length scale of the critical ra- 
dius. Another possibility is that the orbital symmetry of 
the dirty superfluid is not the isotropic state, as we have 
assumed. 

We have studied nucleation of the B-phase of super- 
fluid 3 He and compared it to a dirty superfluid formed 
in an aerogel matrix. The supercooling behavior is simi- 
lar except at low field where a highly efficient nucleation 
source can be magnetically activated for the pure super- 
fluid AB-transition. Furthermore, we find that there is 
no nucleation provided by proximity between pure and 



dirty superfluids at their interface. We suggest an ex- 
planation in terms of decoherence of the dirty superfluid 
order parameter on the scale of the critical radius. 
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